Photoluminescence properties of size-controlled Si nanocrystals (NCs) formed by various annealings have been studied in detail. The thermal treatments involve rapid thermal annealing (RTA, 10 to 180 s) as well as conventional tube furnace annealing (1h) at 1100 C. Whereas the photoluminescence (PL) peak positions and the TEM images indicate only minor changes in NC size, the PL intensity varies over more than two orders of magnitude. A correlation between the total thermal budget applied by the different annealing treatments and the PL intensity is demonstrated. In addition, the PL improvement of interface defect passivation by post-annealing in H 2 ambient is investigated. RTA with H 2 passivation is not able to achieve the PL intensity and NC interface quality of conventionally annealed and passivated samples. The combination of these results with our previous electron spin resonance studies allows to estimate the interface defect densities. Tube furnace annealed samples after H 2 treatment have less than 2% defective NCs. In contrast, more than 95% defective NCs are assumed for a 180 s RTA.
I. INTRODUCTION
The standard growth techniques for silicon nanocrystals in a dielectric matrix (e.g., Si ion implantation, deposition of Si-rich oxides, etc.) employ high temperature annealing to induce Si clustering and crystallization. Thereby, rather high thermal budgets (TBs) are involved which complicates both process integration into sensitive devices (e.g., nonvolatile memories 1 or Si based lasers 2 ) and energy efficient production routines, which are especially important for photovoltaic devices. 3 Since temperatures in excess of 1000 C are inevitable for the Si NC crystallization 4 the dwell time of the process represents a promising parameter to reduce the TB. Besides the conventional tube furnace annealing (TFA) with heating ramps in the range of 10 K/min and dwell times of hours, rapid thermal annealing (RTA) offers almost three orders of magnitude faster ramping (100 K/s) and dwell times of seconds to minutes. Recently, even flashlamp annealing (FLA) with 20 ms duration was shown to form NCs. 5 In the current work, we investigate the correlation between photoluminescence (PL) properties of size-controlled NC samples fabricated by various RTA's combined with post-annealings in the tube furnace and defect passivation annealings in H 2 ambient. Our previous work allows for a discussion of the results in the context of the NC/SiO 2 interface defect densities. 6, 7 II. EXPERIMENTAL DETAILS Four samples were prepared in order to investigate the NC formation in SiO x /SiO 2 superlattices for various RTA and TFA treatments. The wet chemically cleaned Si wafers were coated with 30 SiO x /SiO 2 bilayer stacks in a thermal evaporator. The SiO 2 layer thicknesses were 4 nm for all samples, whereas the SiO x layer thicknesses were varied: 2, 4, 5, and 6 nm. Since for the superlattice (SL) approach the SiO x layer thickness roughly determines the NC size this value is chosen to determine the sample name. 8 The respective stoichiometries are x ¼ 1.2 for SiO x and x ¼ 2.0 for SiO 2 as has been confirmed previously by Rutherford backscattering spectrometry. Further details of the sample preparation can be found in Refs. 7-9.
The wafers were then cut into small pieces and each annealing procedure was accomplished with all of the respective sample pieces together. Also, it should be noted that the deposition process provides sufficient thickness homogeneity to make the sample pieces directly comparable to each other, i.e., differences in the PL properties are related to the thermal treatments only. The rapid thermal processor (RTP; Jipelec JetFirst 200C) is equipped with an optical pyrometer which was thoroughly calibrated with a thermocouple for precise temperature readouts. All pieces of an anneal were placed onto a Si wafer as substrate holder. The RTP is similarly equipped as the quartz tube furnace (see Ref. 9 ) which allows for the same process sequence: evacuating the chamber to high-vacuum, filling with high purity N 2 , establishing a constant gas flow, and finally the temperature ramping. The annealing temperature for both systems was fixed at 1100 C. The heating/cooling ramps and dwell times, however, differ drastically: 12 K/min and 1 h for the TFA versus 5 to 100 K/s and 10 to 180 s for the RTA. Some of the samples were additionally subjected to a post-annealing in pure H 2 with 10 K/min for 1 h at 450 C to investigate the effects of NC/SiO 2 interface defect passivation with hydrogen. Figure 1 pyrometer readout from the RTP (black curve). In the important high temperature region excellent agreement between the setpoints and measured temperatures is achieved. The area under these curves is the thermal budget. Please note, that both furnaces cooldown passively, therefore the cooling ramps below $ 500 C are usually much lower than the setpoint value. Table I gives an overview of all annealing procedures and their denotations (see table caption).
Photoluminescence was excited by a HeCd laser (3.8 eV) and detected with a LN 2 -cooled CCD attached to a single grating monochromator. All spectra were corrected for the spectral response of the setup. Bright field/dark field transmission electron microscopy (TEM) and high resolution TEM cross section micrographs were obtained with a Philips CM20T (200 kV) and a Jeol JEM-4010 (400 kV), respectively.
III. RESULTS AND DISCUSSION
As the first feature of the PL investigation the peak positions depicted in Fig. 2 (a) will be discussed. The PL peak is generally considered as measure of the mean NC size. However, we have shown recently that also interfacial nitrogen, incorporated during the annealing has a small influence on the PL peak. 9 In addition, for a rather broad NC size distribution the determination of the mean NC size from the PL peak can be falsified by the fact that large NCs are more prone to have nonradiative defects that quench their PL. 10 However, the samples studied here are not assumed to have very broad size distributions due to the superlattice structure but the investigation of the PL peak width as well as TEM images will provide more information on that. The horizontal lines in Fig. 2(a) represent the average value of the peak positions of each sample. It turns out that the total variation of the peak wavelengths due to different annealings is about 25 to 30 nm, whereas the separation of peak wavelengths between the samples is about 45 nm. Despite of these substantial peak differences the initial superlattice structure still determines the NC size. It can indeed be derived from the TEM images in Fig. 3 that the SL structure is preserved for all RTA's (left column) irrespective of annealing time and the rapid heating with up to 100 K/s. There are also, if at all, only minor differences in the mean NC size. Interestingly, we observe a tendency to a slightly redshifted PL for the RTA samples compared to TFA, which is even more increased after H 2 post-annealing of the RTA samples. In contrast to Ref. 11 which gives an explanation for the redshift in ion-implanted samples, the amount of excess Si and possible precipitates here are strongly limited by the quasi 2-dimensional SiO x layer. As expected, the H 2 induced average redshift of $ 10 nm is pronounced for the larger NCs. It should be noted, that the peak of the only 10 s long qRTA of the 6 nm sample is in a range that we attribute in accordance to the TEM image [ Fig. 3(e) ] to approx. 5 nm NCs, i.e., in C annealings and their combinations with increasing thermal budget from top to bottom. Three high temperature annealings were investigated: quick RTA (qRTA), long RTA (lRTA), and tube furnace annealing (TFA). Fast (f) and slow (s) heating and cooling ramps were varied for the long RTA. The H 2 post-annealing was carried out for 1 h at 450 C. The thermal budget is calculated from the idealized ramping curves. 5 Different heating and cooling ramps of the 3 min lRTA result in no significant peak differences. The RTA samples subjected to a subsequent TFA show a negligible PL blueshift ($ 5 nm; except for the 6 nm sample). That indicates no NC growth or Ostwald ripening during the subsequent TFA as is also demonstrated in Fig. 3(c) . This result contradicts the validity of the model proposed in Ref. 12 for the NC superlattices which might again be ascribed to the 2-dimensionally limited Si diffusion. The H 2 induced redshift for RTA þ TFA samples is only about 5 nm (RTA samples: 10 nm; except for the 2 nm sample where the peak position is almost constant) which indicates both a better defect passivation for the subsequently TF-annealed samples and a narrower size distribution. However, the lowest redshift ( 3 nm) for all NC sizes and hence the best quality is observed for the samples that were only TF-annealed and H 2 -passivated.
The inset of Fig. 2(b) shows three representative PL spectra and indicates the significant intensity changes induced by the annealing treatments. The PL peak intensities demonstrate at first sight a clear dependence on the thermal budget (defined as TB ¼ $ T dt with T the absolute temperature). Three intensity regions can be defined: low (only RTA), medium (RTA þ H 2 , TFA, RTA þ TFA), and high (TFA þ H 2 , RTA þ TFA þ H 2 ). This relationship is very indicative since under the assumption of a constant number of NCs (justified by the fixed amount of excess Si and similar NC sizes as seen from PL peak position) the PL intensity is inversely proportional to the P b -type Si/SiO 2 interface defect density. 9 Irrespective of which potential Si NC application is considered (photovoltaics, optoelectronics, nonvolatile memories, etc.) these interface defects are definitely undesirable. Hence, to achieve highest NC interface quality characterized by maximum PL quantum yield and virtually no P b -defects 13, 14 the long term high temperature annealing with subsequent H 2 treatment and thereby high TBs seems to be inevitable. Here, the initial RTA plays only a minor role in both increasing the PL intensity and the total thermal budget. The TB also correlates strongly with the PL intensity for the only RTP-annealed samples: increasing the annealing time from 10 s (qRTA) to 3 min (lRTA) induces an on average 6 fold PL intensity. The same applies to the heating ramps so that lRTA-s/s due to its slow ramps involves the highest TB among the RTA samples and consequently yields the highest PL intensity. This finding is contradictory to Iwayama et al. where the ramping rate was varied from 10 to 50 K/s and the maximum PL intensity was found for the fastest ramp.
11 On average, lRTA þ H 2 samples have an order of magnitude higher PL intensity compared to the unpassivated lRTA samples, though this improvement factor shows a decreasing tendency with decreasing NC size. The PL intensity of the lRTA þ H 2 samples appears to be even slightly higher than that of the unpassivated TFA samples. This PL enhancement by H 2 is well in accordance with Ref. 5 . Due to the equilibrium nature of a H 2 passivation treatment the qRTA samples cannot reach the intensities measured for lRTA. The inability of the H 2 treatment to passivate all P b -centers has recently been demonstrated by the investigation of TFA in Ar versus N 2 ambient, where Ar was shown to result in twice the defect density than N 2 before and after the H 2 annealing. 9 Interestingly, the post-treatment of the RTA samples with TFA results in comparable peak intensities as the RTA samples passivated in H 2 , although the qRTA benefits more from TFA than from H 2 . As mentioned before, only TFA treated and H 2 passivated samples yield the maximum PL represented by an additional intensity enhancement of 2 to 4 times (here not clearly applicable to the 2 nm sample).
Taking into account our previous detailed ESR investigations we can roughly estimate the P b -defect densities: We assume that about 50-70% of the NCs have a P b -defect for standard TFA, whereas for TFA þ H 2 on average less than 2% of NCs are defective. 6, 7, 9, 14, 15 In case of a linear extrapolation the $ 10 times stronger PL comparing lRTA to TFA would result in 95-97% of defective NCs after 3 min RTA.
Since the bright field TEM contrast (Fig. 3) does not allow to distinguish crystalline and amorphous Si clusters dark field (DFTEM) and high resolution TEM (HRTEM) was carried out, additionally. Figure 4 (upper panel) shows the DFTEM images of 6nm-qRTA-f/f (a) and 6nm-TFA (b), where bright spots correspond to crystalline Si clusters that are (220)-oriented with respect to the electron beam. The lower panel of Fig. 4 shows the HRTEM images of the same samples, now lattice fringes occur for (111)-oriented Si NCs. As a guide to the eye these crystalline regions are encircled and the assumed SL structure is indicated by white lines. It should be noted, that the Si NCs are randomly oriented in the sample. In both images an equal amount of (by chance) correctly oriented crystalline Si dots can be seen and there is no evidence for substantial amounts of amorphous Si clusters. This finding is corroborated by the verification of 5 nm Si NCs after only 20 ms of FLA (i.e., three order of magnitude shorter than the qRTA used here) shown in Ref. 5 .
The final step of the PL analysis (Fig. 5) is the discussion of the peaks FWHM (full width at half maximum) and its asymmetry (defined here as the half width at half maximum of the low energy side of the peak minus that of the high energy side). As reported before, FWHM in the range of 130 to 160 nm are characteristic for our size-controlled NCs. 9 However, as becomes obvious from Fig. 5(a) , the annealing has a major impact on the peak width: the RTA and RTA þ TFA samples show the largest FWHM values. H 2 post-annealing decreases the FWHM for many samples substantially (except for the 4 nm RTA þ TFA þ H 2 samples where FWHM actually increases) but the sharpest peaks are found for TFA þ H 2 annealing, i.e., the standard procedure without any RTA. A high positive peak asymmetry [ Fig. 5(b) ] indicates that within the NC size population a significant fraction is larger than the mean size. This is especially the case for the 10 s qRTA of the 2 and 4 nm samples. In general, the RTAs seem to form inhomogeneous size distributions preferentially for the samples with small NCs. The asymmetry of the 5 and 6 nm sample is on average smaller and has mostly slightly negative values, i.e., a certain fraction of the NC size population is smaller than the mean size. There is no clear trend of the asymmetry with thermal budget, but overall it can be concluded that for all samples reasonable values can be achieved for TFA þ H 2 annealing.
IV. CONCLUSIONS
In summary, we have shown a clear dependence of the PL intensity of size-controlled Si NC on the thermal budget: a more than two orders of magnitude enhanced PL intensity was only achieved by a two orders of magnitude higher thermal budget. RTA of 3 min with subsequent H 2 -passivation is demonstrated to result in stronger PL than bare TFA despite a TB of just $ 1/3. However, it turns out that maximum PL intensity which corresponds to the virtual absence of P b -type interface defects can be only achieved for samples treated with TFA and H 2 postannealing, irrespective of an initial RTA. Moreover, the initial RTA of RTA þ TFA þ H 2 samples results in broader and sometimes more asymmetric PL peaks, i.e. a deteriorated size distribution. The superlattice structure of the samples was shown to preserve the NC size and their assembly within the SL irrespective of the annealing procedure (such as a RTA with a subsequent TFA). In terms of defect passivation efficiency with minimized TB the H 2 post-annealing represents clearly the optimum process. However, due to its equilibrium nature it cannot passivate all defects; in other words, a certain interface quality has to be achieved already during the inert gas annealing.
The analysis of the PL peak positions and TEM images, suggests that all the treatments used in this study, including various RTA heating ramps (25 -100 K/s) have only minor influence on the NC size and crystallinity. Even a RTA as short as 10 s was demonstrated to result in $ 5 nm crystalline Si particles. Finally, it remains a challenge to create optimum NC interface qualities with reduced thermal budgets. Potential annealing procedures could involve medium time and medium temperature post-annealings in the RTP between the initial high temperature RTA and the H 2 -passivation.
